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INTRODUCTION
Estimation of tubulin content by colchicine Total tubulin content in Spisula was found by our
binding has been hampered by the rapid decay of technique to be 2.0-2.4 X 10-4 µg per egg or
colchicine-binding activity in cell homogenates embryo, or approximately 3 .3% of the total cell
(Wilson, 1970) . This problem has been confronted protein.
by Wilson (1970) and by Bamberg et al. (1973) by
estimating colchicine binding at sequential times MATERIALS AND METHODS
and extrapolating back to the time of homogeniza- A general abbreviated description of the entire
tion.
	
method is presented first, with alphabetical reference
In this paper, we report an alternative method to ensuing detailed descriptions .
for estimating tubulin concentration in tissue Washed Spisula solidissima embryos were homog-
homogenates. It is an isotope dilution method: in enized (A) upon addition of in vitro labeled sperm
vitro labeled tubulin is added to a homogenate, tail tubulin (B) . The homogenate was centrifuged at
and dilution by endogenous tubulin is estimated 27,000 g for 15 min and the resulting supernate
from the specific activity of tubulin, which is re- centrifuged at 100,000 g for 2 .5 h. The pellets and
covered by vinblastine precipitation and further samples of the homogenate and all supernates were
purified and quantitated by sodium dodecyl sulfate retained for monitoring of tubulin loss (C). Vin-
blastine precipitates of the 100,000 g supernate were
(SDS)-polyacrylamide gel electrophoresis . While prepared according to a modification of the technique
this method also may be complicated by tubulin described by Olmsted et al . (1970) . To the 100,000 g
denaturation, it is a useful complement to present supernate was added 0.05 Vol of 2 X 10-2 M vin-
procedures, since it does not depend on colchicine- blastine sulfate (Eli Lilly and Company, Indianapolis,
binding activity. Moreover, the use of an internal Ind.); this mixture was allowed to stand for 1 h at
standard corrects for differential loss or functional 0°C, and the precipitate pelleted at 50,000 g for 20
alteration of tubulin during preparative proce- min. Samples of vinblastine precipitates and labeled
dures. and unlabeled sperm tail tubulin standards, con-
Using this technique, we have compared tubulin taining known amounts of protein as determined by
content of unfertilized eggs, 4-cell embryos, and the Lowry method (Lowry et al ., 1951), were dis-
gastrulae of the clam, Spisula solidissima. Tubulin
solved in electrophoresis sample buffer (D). Three
different known amounts of unlabeled standard and
levels appear relatively constant throughout early duplicate samples of each vinblastine precipitate
development in this species . Our results are in ac- were run on 8% polyacrylamide gels containing 0 .1
cord with those of Raff et al. (1971) obtained from SDS (E). After staining the gels with Coomassie
colchicine binding studies of Arbacia early embryos. Brilliant Blue, the amount of tubulin was estimated by
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755densitometry of the respective tubulin bands and
comparison to the standard gels. Tubulin radioac-
tivity was determined by scintillation counting of
1-mm gel slices (F). After correction for counting
efficiencies, a recovery factor was calculated for the
labeled tubulin internal standard in each sample gel .
The amount of tubulin in the original homogenate
was estimated from the recovery factor and the
amount of protein in the tubulin band.
A. Culture of Embryos and Preparation
of Homogenates
Eggs from dissected ovaries of Spisula solidissima
were filtered through cheese cloth and washed three
times by settling through pasteurized sea water
(PSW) . 3 ml of packed eggs were suspended in 30 ml
of PSW and divided into 10- and 20-m1 aliquots.
The 20-ml aliquot was diluted to 600 ml with PSW
and the eggs fertilized by addition of 6.5 ml of a 0.5%
sperm suspension. After 5 min the fertilized eggs were
separated from sperm by low speed centrifugation, re-
suspended in 600 ml of PSW, and allowed to develop
at 23°C with continuous stirring. Percent fertilization,
as estimated from germinal vesicle breakdown, was
98-99% with no evidence of polyspermy. Imme-
diately before harvest, duplicate samples were col-
lected from stirred suspensions with Eppendorf pipets
and transferred to glass slides where all eggs present
were counted. Sample sizes were adjusted to yield
between 100 and 200 embryos per sample . 4-cell stage
embryos and gastrulae were harvested at appropriate
intervals from 300 ml of the culture by low-speed
centrifugation. These embryos and the remaining un-
fertilized eggs were washed once in 9 ml and resus-
pended to 5 ml of SMT buffer (0.24 M sucrose, 10
mM Tris, pH 7.0, 20 mM MgCl2 ; from Olmsted et
al., 1970) . After addition of 100 ul of labeled tubulin,
they were homogenized with 25 passes in a Dounce
homogenizer ; no intact cells were observable micro-
scopically.
B. In Vitro Labeling of Tubulin Isolated
from Arbacia punctulata Sperm
Sperm tail tubulin was prepared according to the
method of Stephens (1970) with two modifications :
(a) sperm tails were separated from heads and whole
sperm by centrifugation after layering over sucrose, as
described by Renaud et al . (1968) ; and (b) final
solubilization of B-tubulin was accomplished by
pipetting 2 ml of outer fiber suspension vigorously for
5 min at 37-40°C. Tubulin was labeled in vitro ac-
cording to the method of Rice and Means (1971).
The tubulin solution was adjusted to pH 9.0 with 0.1
N NaOH and to a final protein concentration of 1
mg/ml. The following additions were made to 1 ml
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at 4°C: 100 ul of 0.04 M [3H]formaldehyde (New
England Nuclear, Boston, Mass., 77.6 mCi/mmol),
followed by four 20-pl aliquots of sodium borohydride
(5 mg/ml) at 30 s, and an additional 100 µl at 1 min.
The solution was then run through a Sephadex G-25
(Pharmacia Fine Chemicals, Inc., Uppsala, Sweden)
column at 4°C, eluted with 10 mM Tris, pH 8.0, to
separate protein from unbound tracer . The 1-ml
fraction of highest A280 was used as the marker
tubulin preparation. Protein concentration in this
sample was estimated by the Lowry method as 0 .75
mg/ml (bovine serum albumin used as standard) .
By trichloroacetic acid (TCA) precipitation, it was
determined that the protein specific activity was
4,670 cpm/pg. Freshly prepared marker tubulin was
used immediately for the vinblastine precipitation
experiments to avoid denaturation.
C. Monitoring of Tubulin Losses
I ml of 10% TCA was added to 25-100 µl aliquots
of homogenates, supernates, and pellets suspended in
I % SDS. The precipitate was collected on Millipore
filters (Millipore Corp., Bedford, Mass.) and washed
with ethanol. The filters were dried and incubated
for 2 h with 0.3 ml of protosol (New England Nuclear)
in scintillation vials. To each vial was added 8 ml of a
scintillation fluid containing 42 ml Liquifluor (New
England Nuclear), 200 ml Scintisol (Isolab, Inc.,
Akron, Ohio), and 900 ml of toluene made 0 .2% in
acetic acid. Radioactivity was measured with a
Beckman LS-250 scintillation counter (Beckman
Instruments, Inc., Fullerton, Calif.) .
D. Preparation of Samples for
Gel Electrophoresis
Samples containing 7.5-100 pg of protein were
brought to 50µl with 1 % SDS, and 25µl of the sample
buffer was then added (0.15 g SDS, 5.4 g twice re-
crystallized urea, 3.0 ml glycerine, 0.6 mg brom-
phenol blue, 0.33 ml 2-mercaptoethanol, 11 .58 g
NaH2PO4.HOH, and 31.29 mg Na2HPO4 brought
to 10 ml with distilled water) . The mixtures were
heated to 90-95°C for 5 min, shaken manually, and
heated again.
E. SDS-Polyacrylamide Gel Electrophoresis
Gels were prepared as follows : 13.5 ml of Solution
A (17.78 g of acrylamide and 0.48 g of N,N'-meth-
ylene-bis-acrylamide brought to 100 ml with distilled
water) and 15 ml of Solution B (7.8 g of NaH2PO4
HOH, 22.55 g Na2HPO4, and 2.0 g twice recrystal-
lized SDS in 1,000 ml of distilled water) were mixed
and degassed briefly. Then 15 mg of ammonium per-
sulfate in 1.5 ml of distilled water and 15 µl of N, N,-N',N'-tetramethylethylene-diamine were added, and
the mixture used to prepare gels . Running buffer
was prepared from 900 ml of Solution B diluted 1 :1
with distilled water. Gels were stained with 0.01%
Coomassie Brilliant Blue in methanol : acetic acid:
water (5:1 :5) after I h fixation in 7.5% TCA, and
destained with 7.5% acetic acid for 2 days .
F. Densitometric Determination of Tubulin
Content and Estimation of Radioactivity
in Gels
Gels containing known amounts of standard un-
labeled and labeled protein were scanned with a
Gilford spectrophotometer (Gilford Instrument
Laboratories, Inc., Oberlin, Ohio) . A standard curve
for tubulin content of gels was produced by cutting
out and weighing the peak of each gel scan from
trough to trough. With the amount of protein used,
the nonlinearity of the Coomassie Blue Stain was not
bothersome (Fig. 2) . Since both the amount and the
specific activity of tubulin were comparable in the
unknown samples (Table II), the relative estimated
values of tubulin content per embryo are not in serious
error; by comparing the percent total counts in the
tubulin band vs. percent total absorbance in the
tubulin band for the standard, we estimate that our
reported values may underjudge the true values by
no more than 30% because of the nonlinearity of the
stain. Somewhat more accurate, although less sensi-
tive, estimates could be obtained by the use of fast
green (Gorovsky, et al ., 1970). To correct for non-
tubulin contamination of the standard, the amount
of protein loaded on the gel was multiplied by the
ratio of peak weight to total scan weight, giving the
amount of protein in the tubulin band. For each
vinblastine preparation, two quantitatively different
samples were analyzed ; the tubulin content of each
was estimated from the standard curve and the radio-
activity of the peak (trough to trough, cut in 1-mm
slices) was determined after overnight incubation
with 8 ml of a fluid composed of 42 ml Liquifluor,
970 ml toluene, and 30 ml protosol.
RESULTS
Distribution of Marker Tubulin during the
Preparative Procedure
The distribution of exogenous marker tubulin
was monitored during the fractionation of all
samples. Table I shows the results, which were
similar for all three developmental stages . A signifi-
cant fraction of the marker radioactivity, approxi-
mately one-third was recovered in the low-speed
pellet of the original homogenate. Since the marker
does not pellet to a significant extent when pro-
cessed under the same conditions but in the ab-
sence of tissue homogenate (with or without
magnesium in the homogenizing buffer) we may
attribute this loss to polymerization in the extract,
passive adsorption to cell organelles, or denatura-
tion induced by tissue constituents . A sedimen-
table tubulin fraction was also observed by others,
using the colchicine-binding assay (Wilson, 1970;
Weisenberg, 1972) . An additional small fraction
pelleted during the high-speed centrifugation .
Because of this pelleting phenomenon, plus un-
avoidable losses, only approximately 40 f 5% of
the original radioactivity remained in the super-
nate to which vinblastine was added .
After vinblastine action, the radioactivity
distributed in a ratio of approximately 2 : 1, super-
nate :pellet (range, 1 .5 f 1-2.5 :1). Similar results
were obtained with marker tubulin precipitated
with vinblastine in the absence of tissue extract but
in the presence of cold tubulin of concentration
equivalent to that calculated for the homogenate.
The results probably represent incomplete pre-
cipitation rather than further purification of the
labeled monomer. Incomplete precipitation of
tubulin under our conditions was to be expected .
In particular, a temperature of 0 °C (selected to
minimize denaturation) is known to be suboptimal
for vinblastine precipitation (Wilson et al ., 1970).
In any case, a rather constant proportion of the
added marker was recovered in the vinblastine
pellets of all stages (10-13% ; Table I).
Electrophoretic Analysis of the
Marker Protein
Much of the marker protein, both labeled and
unlabeled, migrates as a single band upon SDS-
polyacrylamide gel electrophoresis (Fig . 1) . This
major component results from the solubilization of
the B-tubule of the outer doublet (Stephens, 1970),
has the characteristic molecular weight of tubulin,
and under appropriate buffer conditions, displays
colchicine-binding activity (Wilson and Meza,
1972) . As expected, in the labeled preparation the
bulk component was coincident with the pre-
dominant radioactivity peak (Fig . 1) .
As described in the Materials and Methods, data
such as those in Fig. I were used to construct a
standard curve for electrophoretically separated
tubulin (Fig. 2) . The abscissa of this curve assumes
no losses of the sample loaded and is corrected for
the non-tubulin constituents of the sample (Fig. 1)
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757TABLE I
Distribution of Labeled Marker Tubulin during Fractionation of Spisula Homogenates*
Homogenate
OF 100% (334,200 cpm)
4C
	
100%
	
(328,000 cpm)
G
	
100%
	
(374,180 cpm)
I
HS pellet
5.5%
6.2%
11 .3%
Low-speed centrifugation
LS pellet
	
LS supernate
31 .9%
	
52.8%
'33 .7%
	
64.1
37.8%
	
48.3%
1
VB pellet
13.2%
10.6%
10.0%
* For each of the three developmental stages, unfertilized eggs (UF), 4-cell embryos (4-C) and gastrulae
(G), the counts recovered for each fraction are expressed as % of the total counts in the initial homogenate .
by multiplying the µg of protein loaded onto the
gel by the ratio of tubulin peak absorbance to total
gel absorbance.
Electrophoretic Analysis of
Vinblastine Precipitates
Fig. 3 shows the electrophoretic profiles of vin-
blastine precipitates from three developmental
stages. A single major component is apparent,
coincident with the marker tubulin .
Calculation of Tubulin Content per Embryo
From data such as those shown in Fig. 3, and
with the use of the standard curve (Fig . 2), the
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High-speed centrifugation
1
HS supernate
40-1 0 / c
45.5%
35.8%
Vinblastine precipitation
1
VB supernate
19.8%
25.4%
16.6%
content of detectable tubulin per embryo was
calculated (Table II) . The content proved es-
sentially constant at approximately 2 X 10 -4 µg
per individual, from unfertilized egg to gastrula
(Fig. 4).
The micrograms of tubulin in each homogenate
(8 X 106 eggs/embryos) was calculated as follows :
pg protein in gel tubulin
peak X cpm in homogenate X F
_
	
- C cpm in gel tubulin peak
Where F is a correction factor for non-tubulin
labeled components in the marker, losses during
layering of samples and electrophoresis, and dif-
ferences in counting efficiencies ; it was calculated6000-
i u 4000- x
0 .5 I
<
0
1.0
I: a5
20
	
46
	
60
	
80,
Gel Slice
MOBILITY
MOBILITY	
FIGURE 1 In vitro labeled (upper two panels) and
unlabeled (lower panel) marker tubulin from sperm
tail, analyzed on SDS-polyacrylamide gels. Such ab-
sorbance profiles were used to generate a standard
curve (Fig. 2) by delineating the tubulin peak as in the
lower panel. Minor details are not evident in the middle
panel because of the low level of staining ; however,
comparison of the top and bottom panels reveals that
no alteration of purity occurs during labeling .
from the data of Fig. 1 upper two panels as
cpm in tubulin peak of labeled standard gel
F=
cpm in sample loaded on labeled standard gel
and found to be 0.41 . C is a correction for the
amount of tubulin contributed by the marker.
1.0
C
< 0 .5-
1.0
I" < a5
0
1.0
OF
4C
5
	
10
	
15
	
20
yq of Tubuli
FIGURE 2 Standard curve for tubulin, estimated from
densitometric scans of marker gels (Fig . 1).
I
-100
-50
-100
.50
-100
-50
,A J,
MOBILITY -	
FIGURE 3 Electropherograms of vinblastine precipi-
tates from homogenized unfertilized eggs (UF), 4-cell
embryos (4C) and gastrulae (G) of Spicula. The data
represent the smaller of two samples analyzed . The
marker tubulin is indicated by the radioactivity profile.
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1
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3
	
1
	
5
Time After Fertizatio0 (Fours)
FIGURE 4 Tubulin content of Spicula at early stages
of development. The bars indicate the standard error
of the mean. See also Table II.
C =
3.0
I
W
2D I
c
1.0
0 I
specific activity of labeled standard
The specific activity of our preparation was 4,670
cpm/µg, and C was approximately 3 % of the
calculated tubulin content of the homogenate .
DISCUSSION
The Tubulin Content of Spisula
Our observation of a constant tubulin content in
early Spisula embryos is consistent with and extends
Weisenberg's (1972) observations that colchicine-
binding activity in eggs of this species remains
relatively constant during fertilization and the
first meiotic division. Likewise, Raft et al. (1971)
have found that there is a relatively constant level
of colchicine-binding activity in sea urchin em-
bryos from unfertilized egg through gastrula .
We find that tubulin comprises approximately
u
	
C
	
0
~'
	
0
	
3
0
	
N
t
	
U
cpm of labeled standard in homogenate
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TABLE II
Tubulin Content of Spicula Embryos
* Data as in Fig . 3, calibrated with the standard curve (Fig . 2) .
$ Column D divided by column C and multiplied by the recovery factor F (see text) .
§ Average of the two values in column E minus the amount of exogenous marker.
¶ Column F divided by the number of embryos per homogenate .
3.3 % of the 6.7 ng of total egg protein (determined
by the Lowry method) . Raff et al. (1971) did not
attempt to quantitate tubulin per embryo, but did
note that vinblastine precipitates 2-5% of the
total embryo protein in Arbacia. Since our results
indicate that a large fraction of the vinblastine
precipitated from embryos is tubulin, and that
vinblastine may not precipitate all the tubulin in a
homogenate, the observation of Raff et al . (1971)
is compatible with our results .
Although the marker tubulin was freshly pre-
pared and used immediately after labeling, we
cannot exclude the possibility that a fraction of it
was resistant to vinblastine precipitation because
of denaturation. This would lead to an over-
estimate of the absolute value of tubulin content in
the samples. The process of labeling and recovering
the marker did not in itself alter the precipitability
of tubulin by vinblastine (unpublished observa-
tions) nor did it change its purity. Since all samples
were processed simultaneously, relative estimates of
their content, and thus the conclusions about
tubulin constancy, would be unaffected .
The Tubulin Quantitation Method
The method described in this report is based on
the assumption that labeled sperm tail tubulin
behaves in a cell homogenate like the endogenous
cytoplasmic tubulin. In view of the overall simi-
larity in amino acid composition of different
tubulins (Stephens, 1971), this is not entirely
unreasonable as a starting assumption. It could be
tested by appropriate mixing experiments, in-
A
µg protein
in tubulin
band*
B
cpm in
tubulin band
C
Specific
activity
(cpm/µg)
tubulin
D
cpm in
original
homogenate
F
µg tubulin
in original
homogenate$
F
Average Spisuta
tubulin content
in original
homogenate
=SE (µg)§
G
µg tubulin/embryo¶
Unfertilized egg 5 .0 403 80 .6 334,200 1,700 1,574 f 53 2 .0 X 10-4
10 .0 860 80 .6 334,200 1,593 f 0 .16 X 10-4
4-Cell stage 6 .8 425 62 .5 328,000 2,152 1,955 t 125 2 .4 X 10-4
12.8 906 70 .8 328,000 1,900 f 0 .16 X 10-4
Gastrulae 6 .4 532 83 .1 374,180 1,845 1,766 f 1 2 .2 X 10-4 f 0
12 .8 1,063 83 .0 374,180 1,847volving quantitatively variable mixtures of labeled
purified tubulins from various sources, unlabeled
samples of the same, and various crude prepara-
tions.
Before such a rigorous test is attempted, it would
seem appropriate to eliminate the major difference
between marker and endogenous tubulins. At
present, it would be possible to hypothesize that the
two types differ in the extent to which they polym-
erize and thus are differentially sedimented before
vinblastine treatment. We suspect that is not the
case, because of the striking constancy of tubulin
content even in the ciliated gastrulae; ciliary
tubulin might be expected to bear greater re-
semblance to the marker than to the remaining
endogenous tubulin (Stephens, 1971) . In any case,
this objection might be met by using colchicine
during homogenization and subsequent proce-
dures, not for assay but to enhance tubulin de-
polymerization. (It is of interest to note here that
the presence of vinblastine dramatically retards
decay of colchicine-binding activity and there is no
evidence of competition for binding sites (Wilson,
1970) . Use of our method in experiments with and
without colchicine in the homogenizing medium
might also yield some interesting suggestions about
the aggregation state of egg tubulin at different
stages of development and complement similar
studies using colchicine binding reported by
Weisenberg (1972).
Finally, the method will become considerably
more useful when methods are developed for
stable storage of tubulin, with predictably low
incidence of denaturation. At that point, labeled
tubulin will become a reagent, and comparisons of
different tissue extracts may no longer require
simultaneous experiments.
Clearly, the method is still at its infancy . We
offer it at this time as a prototype of a whole class
of possible methods. For example, isotope dilution
could also be combined with immunological
recognition of tubulin perhaps in a method using
matrix-bound antitubulin. Whether combined
with antibody or vinblastine precipitation, isotope
dilution offers the essential opportunity of recip-
rocal checks with the colchicine-binding assay.
Despite its merits, colchicine binding shares the
uncertainties of all functional (as distinct from
chemical) determinations. Finally, the isotope
dilution method could be adapted for estimation,
in embryonic or other tissues, of any soluble protein
which can be partially purified to the point that it
can be recognized as a distinct peak in SDS gel
electrophoresis.
This work was begun as part of the 1972 Embryology
Course at the Marine Biological Laboratory (sup-
ported by NIH grant 5 TO1 HDO014-12). We thank
our colleagues in the course and J . C. Reiger for the
stimulating and creative climate they fostered . Addi-
tional support came from National Institutes of
Health grant HD07382 to B. Burnside and National
Institutes of Health grant 5 RO1-DH04701 and
National Science Foundation grant GB-35608X to
F. C. Kafatos.
Received for publication 17 May 1973, and in revised form
20 August 1973.
BIBLIOGRAPHY
BAMBERG, J . R., E. M. SHOOTER, and L. WILSON.
1973. Assay of microtubule protein in embryonic
chick dorsal root ganglia. Biochemistry . In Press.
GOROVSKY, M. A., R. CARLSON, and J. L. ROSEN-
BAUM . 1970. Simple method for quantitive densi-
tometry of polyacrylamide gels using Fast Green .
Anal. Biochem. 35 :359-370.
LOWRY, O. H., N. J. ROSEBROUCH, A. L. FARR, and
R. J . RANDALL. 1951 . Protein measurement with
the Folin phenol reagent. J. Biol. Chem. 193 :265-
275.
OLMSTED, J. B., K. CARLSON, R. KLEBE, R. RUDDLE,
and J. ROSENBAUM. 1970. Isolation of microtubule
protein from cultured mouse neuroblastoma cells.
Proc. Nall. Acad. Sci. U. S. A. 65 :129-136.
RAFF, R. A., G. GREENHOUSE, K. W. GROSS, and
P. R. GROSS. 1971 . Synthesis and storage of micro-
tubule proteins by sea urchin embryos . J. Cell Biol.
50:516-527.
RENAUD, F. L., A. J. RowE, and I. R. GIBBONS. 1968.
Some properties of the protein forming the outer
fibers of cilia. J. Cell Biol. 36:79-90.
RICE, R. H., and G. E. MEANS. 1971 . Radioactive
labeling of proteins in vitro. J. Biol. Chem. 246 :831-
832.
STEPHENS, R. E. 1970. Thermal fractionation of outer
fiber doublet microtubules into A- and B-subfiber
components : A- and B-tubulin . J. Mol. Biol.
47:353-363.
STEPHENS, R. E. 1971 . Microtubules. Biol. Macromol.
5:355-391.
WEISENBERG, R. C. 1972. Changes in the organiza-
tion of tubulin during meiosis in the eggs of the
surf clam Spisula solidissima. J. Cell Biol. 54:266-
278.
WEISENBERG, R. C., and S. N. TIMASHEFF. 1970.
BRIEF NOTES
	
761Aggregation of microtubule subunit protein . Effects
of divalent cations, colchicine and vinblastine .
Biochemistry. 9 :4110-4116.
WILSON, L . 1970. Properties of colchicine binding
protein from chick embryo brain. Interactions with
vinca alkaloids and podophilotoxin . Biochemistry .
9 :4999-5007.
762
WILSON, L., J . BRYAN, A. RUBY, and D . MIAZIA. 1970.
Precipitation of proteins by vinblastine and calcium
ions. Proc. Natl. Acad. Sci. U. S. A . 66 :807-814.
WILSON, L., and I. MIEZA. 1972. Colchicine-binding
activity of solubilized protein from outer doublet
microtubules. J. Cell Biol. 55(2, Pt. 2) :285 a.
(Abstr.) .
THE JOURNAL OF CELL BIOLOGY µ VOLUME 59, 1973 . pages 762-765